HIV-1 envelope glycoprotein amino acids signatures associated with clade B transmitted/founder and recent viruses by Kafando, Alexis et al.
viruses
Article
HIV-1 Envelope Glycoprotein Amino Acids
Signatures Associated with Clade B
Transmitted/Founder and Recent Viruses
Alexis Kafando 1 , Christine Martineau 2, Mohamed El-Far 3, Eric Fournier 2,
Florence Doualla-Bell 2, Bouchra Serhir 2, Adama Kazienga 4, Mohamed Ndongo Sangaré 5,
Mohamed Sylla 3, Annie Chamberland 3, Hugues Charest 1,2 and Cécile L. Tremblay 1,2,3,*
1 Département de microbiologie, infectiologie et immunologie, Faculté de médecine, Université de Montréal,
Montréal, Québec QC H3T 1J4, Canada; alexis.kafando@umontreal.ca (A.K.);
hugues.charest@inspq.qc.ca (H.C.)
2 Laboratoire de santé publique du Québec, Institut national de santé publique du Québec,
Sainte-Anne-de-Bellevue, Québec QC H9X 3R5, Canada; christine.martineau@canada.ca (C.M.);
eric.fournier@inspq.qc.ca (E.F.); florence.doualla-bell@inspq.qc.ca (F.D.-B.); bouchra.serhir@inspq.qc.ca (B.S.)
3 Centre de recherche du centre hospitalier de l’Université de Montréal, Montréal, Québec QC H3T 1J4,
Canada; mohamed.el.far.chum@ssss.gouv.qc.ca (M.E.-F.); syllmoh@yahoo.fr (M.S.);
chamberland.annie@videotron.ca (A.C.)
4 Faculty of Science, Hasselt University, 3500 Hasselt, Belgium; kazienga_adama@yahoo.fr
5 Département de médecine sociale et préventive, École de santé publique, Université de Montréal, Montréal
QC H3T 1J4, Québec, Canada; ndongosangare@yahoo.fr
* Correspondence: c.tremblay@umontreal.ca; Tel.: +1-514-890-8000 (ext. 14613); Fax: +1-514-412-7234
Received: 27 August 2019; Accepted: 29 October 2019; Published: 1 November 2019


Abstract: Background: HIV-1 transmitted/founder viruses (TF) are selected during the acute phase
of infection from a multitude of virions present during transmission. They possess the capacity
to establish infection and viral dissemination in a new host. Deciphering the discrete genetic
determinant of infectivity in their envelope may provide clues for vaccine design. Methods: One
hundred twenty-six clade B HIV-1 consensus envelope sequences from untreated acute and early
infected individuals were compared to 105 sequences obtained from chronically infected individuals
using next generation sequencing and molecular analyses. Results: We identified an envelope amino
acid signature associated with TF viruses. They are more likely to have an isoleucine (I) in position
841 instead of an arginine (R). This mutation of R to I (R841I) in the gp41 cytoplasmic tail (gp41CT),
specifically in lentivirus lytic peptides segment 1 (LLP-1), is significantly enriched compared to
chronic viruses (OR = 0.2, 95% CI (0.09, 0.44), p = 0.00001). Conversely, a mutation of lysine (K) to
isoleucine (I) located in position six (K6I) of the envelope signal peptide was selected by chronic
viruses and compared to TF (OR = 3.26, 95% CI (1.76–6.02), p = 0.0001). Conclusions: The highly
conserved gp41 CT_ LLP-1 domain plays a major role in virus replication in mediating intracellular
traffic and Env incorporation into virions in interacting with encoded matrix protein. The presence of
an isoleucine in gp41 in the TF viruses’ envelope may sustain its role in the successful establishment
of infection during the acute stage.
Keywords: HIV-1; acute/early infection; transmitted/founder viruses; recent viruses, envelope; amino
acids; genetic signatures; signal peptide; cytoplasmic domain; lentivirus lytic peptide segment 1
1. Introduction
HIV-1 genetic diversity due to frequent mutation rates, polymorphisms, recombination events
and altered pattern of glycosylation within the envelope (Env) [1] drives HIV-1 escape from broadly
Viruses 2019, 11, 1012; doi:10.3390/v11111012 www.mdpi.com/journal/viruses
Viruses 2019, 11, 1012 2 of 22
neutralizing antibodies (bnAbs) and other mechanisms developed by the immune system [2–4]. HIV-1
envelope polymorphism determines the functional properties of the virus during disease progression [4]
and contributes to the rapid evolution of HIV-1 toward the establishment of a viral reservoir early after
infection [5,6], which impedes HIV-1 cure and vaccine efforts [7,8]. For 80% to 90% of heterosexual
transmission cases, it is estimated that a single HIV virus strain is capable of establishing successful
transmission and is referred to as a transmitted/founder (TF) viruses [9–12]. However, if the recipient
presents genital ulceration or if transmission occurs via other routes, more than one strain can contribute
to the initiation of infection [10,13,14].
The envelope glycoprotein of HIV-1 is a complex trimeric glycoprotein found on the surface of
the virus and composed of gp120 subunit spikes linked in a noncovalent interaction with gp41. It
is encoded by a viral genome and interacts with host cells and plays an essential role in the virus
replication cycle by mediating the fusion between viral and cellular membranes during the entry
process [15]. The HIV-1 envelope glycoprotein harbors the transmembrane domain [15]. The HIV-1
envelope structure starts with an N-terminal signal peptide (SP) that guides the nascent Env to the
endoplasmic reticulum (ER), where Env synthesis and posttranslational modifications take place [16].
The gp120 glycoprotein is subdivided into five conserved subdomains (C1–C5) and five hypervariable
glycosylated loops (V1–V5) [15,17–19] involved in HIV-1 pathogenesis and viral escape. HIV-1 gp41
consists of 345 amino acids [20], thus facilitating viral protein and host cell membrane fusion [21,22].
Gp41 has three subdomains [23] and seven functional domains, including the ectodomain that mediates
membrane fusion [21,24] and the conserved transmembrane domain (TMD) [25], which acts as a
membrane anchor that prevents the release of gp160 into the lumen of the endoplasmic reticulum
(ER) [26,27], mediates fusion of the viral envelope with the host cell membrane [15] and enhances
cell to cell and virus to cell fusion [28], and the cytoplasmic domain, also called the cytoplasmic tail
(CD) [15,29,30]. The latter includes three lentivirus lytic peptides segment 1, 2 and (LLPs) [30,31].
LLPs contribute to the surface expression of Env [32,33], Env incorporation into viral particles [34,35],
fusogenicity [36,37] and its localization in lipid rafts [31].
The envelope glycoprotein of HIV-1 is encoded by a viral genome and this protein mediates the
first contact with host cells. Even discrete or predominant, an amino acid change (mutations, insertions
and deletions) in this viral specific region merit further analysis. Such changes may constitute an
important genetic signature developed at the acute stage of infection and selected by TF viruses.
They may constitute as keys factors that influence viral fitness and enhancing HIV transmission to
new recipient.
The current study characterized the HIV-1 envelope variable region with regard to loop length,
N-linked glycosylation sites and the V3-positive net charge. We also screened the Env full-length
amino acid sequences to identify mutation patterns occurring in acute/early stages of HIV infection.
2. Materials and Methods
2.1. Description of Specimens
We used specimens from HIV-1-infected individuals obtained from the Laboratoire de santé
publique du Québec (LSPQ) of the Institut national de santé publique (INSPQ) serobank collection
(original samples) from first time individual HIV diagnosis before enrollment in any antiretroviral
therapy. The majority HIV-1 infected population is men who have sex with men (MSM) and someone
injecting drug users (IDU). The LSPQ is the Public Health Laboratory of the province of Quebec, where
confirmation testing of HIV infection is performed on all HIV-positive tests in Quebec. All the LSPQ
specimens used in this study were residual sera first collected for routine diagnostic purposes between
year 1991 and 2015. Specimens deriving from acute HIV-1 infection contained TF viruses (Fiebig stage
1 and 2) and were selected based on p24 antigen-positivity in the absence of HIV-1 antibody [38]. The
recent (RC; Fiebig 3 to 5) and chronic (CH) HIV-1-infected individuals’ serum samples were determined
by recent testing algorithm (RITA) performed at the LSPQ [39]. The mean duration of recent infection
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(MRDI) is defined as less than 136 days of infection [39]. Confirmed untreated chronic clade B HIV-1
envelope sequences were also obtained from the Los Alamos sequence databases (LANL) as part of
the data set for chronic infection in addition to chronic viruses’ envelope sequences obtained among
public health laboratory of Quebec (LSPQ) serobank samples collection. The genetic diversity in the
HIV-1 envelope sequence of TF viruses [40] may govern the functional properties and provide clues on
viral transmission success and immune evasion [9]. Recent HIV viruses usually correspond to those
identified at early stage of infection within the 6 month period [40,41]. For this study, we considered
early HIV infection a period within mean duration of recent infection (MDRI) of 136 days [39]. HIV-1
viruses identified at this period were defined as recent viruses. The distribution of the specimens
and sequences per category of infection are described in Figure 1 and referred nomenclatures in
supplemental Table S1.Viruses 2019, 11, x FOR PEER REVIEW 6 of 23 
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Figure 1. Flow chart showing the numbers of HIV-1 positives samples analyzed and consensus envelope
sequences of HIV-1-infected individuals include in the study. From a total of 243 sequences obtained,
95% (231) of subtype B HIV-1 sequences were included in the current study. The non-B HIV-1 subtype
envelope sequences representing 8.7% (four for transmitted/founder (TF) and eight for recent (RC)
viruses) of the LSPQ serobank HIV-1 positive samples were excluded for subsequent genetic analysis
because they may have influenced the results. The HIV-1 envelope sequences of transmitted/founder
(TF) viruses derived from acute infection, recent viruses (RC) for early infection and chronic viruses for
chronic infection.
2.2. HIV-1 RNA Extraction
One hundred (100) microliters of unique serum from each HIV-1-infected subject was used for
HIV-1 RNA extraction using BioRobot MDx automated viral RNA extraction. The QIAamp®Virus
BioRobot® MDx Kit (Qiagen, Valencia, CA, USA) was used. To respect the minimum 350-µL sample
volume required for BioRobot automate extraction, we diluted each 100-µL serum sample with 250
µL Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Life Science, Oakville, Ontario, CA, USA).
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Extraction was conducted automatically according to the manufacturer’s protocol. One positive
and one negative control sera were always included in each panel of extraction for quality control.
Suspension of extracted RNA (approximately 60–80 µL) was immediately used for reverse transcription
or stored at −80 ◦C for reference use.
2.3. Reverse Transcription (RT-PCR)
Reverse transcription of the full-length HIV-1 RNA envelope was performed using the following
primers: SG3-lo forward and SG3-up reverse [42,43], which cover 4.7 kb fragments of Env length. The
extracted RNA (5 µL) was reverse-transcribed in a total volume of 50 µL using the Superscript III
One-Step RT-PCR system with Platinium® Taq DNA polymerase ((Invitrogen, Carlsbad, CA, USA),
which included 2.0 µL SuperScript™ III RT/Platinum® Taq mix (10 U/µL), 25 µL of 2X reaction mix at a
concentration of (05 µM), 2.0 µL of each primer (SG3-lo and SG3-up) at a concentration of (10 µM),
0.5 µL of RNase OUT at concentration of (2 U/µL) completed with13.5 µL of diethylpyrocarbonate
(DEPC) water.
The RNA product (10 µL) was first denatured at 65 ◦C for 5 min in a thermocycler (Applied
Biosystems (ABI) GeneAmp PCR System 9700). The denatured RNA (5 µL) was added to the 45 µL
reaction mix containing primers, RNase OUT and the Platinium® Taq DNA polymerase. The reaction
mix was then placed in an Applied Biosystems (ABI) thermocycler for cDNA synthesis. The thermal
profile was as follow: 53 ◦C for 30 min and 94 ◦C for 2 min, followed by 40 cycles at 94 ◦C for 2 min
for denaturing, 55 ◦C for 30 s for annealing, 68 ◦C for 4 min for extension and 68 ◦C for 5 min with a
final hold at 4 ◦C. The PCR product was immediately amplified (nested PCR) or stored at 4–8 ◦C for
future use.
2.4. Second Amplification
After RT-PCR, a nested polymerase chain reaction (nested PCR) of the full-length
HIV-1 envelope gene (GP160) was amplified using appropriate primers that covered
a fragment of 3.10 kb. The following primers were used: Env-up forward
(5′-GTTTCTTTTAGGCATCTCCTATGGCAGGAAGAAG-3′), HXB2 nucleotides (nts) position
(5957–5983) and Env-lo reverse (5′-GTTTCTTCCAGTCCCCCCTTTTCTTTTAAA AAG-3′), HXB2
nts position (9063–9088). For PCR amplification, cDNA (2 µL) was amplified in a total volume of 50 µL
using the Expand™High Fidelity PCR System (3.5 U/µL) enzyme (Roche Life Sciences, Mannheim,
Germany). For the preparation of the reaction mix, (2 µL) of cDNA was added to 0.4 µL of the expand
high fidelity enzyme mix, 5.0 µL of the expand high fidelity buffer at (10×) concentration, 1.5 µL of
dNTPs at concentration of (10 mM) and 2.0 µL for each primer (Env-up and Env-lo) at a concentration
of 10 µM) completed with 37.10 µL of diethylpyrocarbonate (DEPC) water.
For amplification in the ABI 9700 thermocycler, the following temperatures were used: 94 ◦C for 2
min, followed by 45 cycles of denaturing at 94 ◦C for 15 s, annealing or hybridization at 55 ◦C for 30 s,
and extension or elongation at 68 ◦C for 2 min, followed by 68 ◦C for 7 min and a hold at 4 ◦C. The
PCR products were immediately visualized on a 1% agarose gel by electrophoresis and purified using
DNA purification kits from QIAGEN and stored at −20 ◦C before sequencing.
2.5. DNA Sequencing and Sequence Assembly
Two µL of input purified DNA was quantified by a Nanodrop and the appropriate concentration
was established. In addition, 5 µL (0.2 ng/µL) of input purified DNA was also quantified by iQ™5
Optical System Software, (Bio-Rad Laboratories Ltd. Ontario, Canada) using PicoGreen dsDNA
Quantification Reagent). Full-length gp160 of the HIV-1 viral envelope gene was sequenced using
MiSeq (Illumina, San Diego, CA, USA) a next generation sequencing (NGS) method with a MiSeq®
Reagent Kit (San Diego, CA, USA). The Nextera XT DNA library prep kit (Illumina, San Diego, CA)
was used for library preparation and the manufacturer’s protocols were respected. The Illumina MiSeq
system was edited using MiSeq Reporter, a bioinformatics data analysis software built into the MiSeq.
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The workflow using the Nextera XT DNA library kit contains the following steps: (1) tagmentation
of genomic DNA, (2) PCR amplification, (3) PCR Clean-up, (4) library normalization and (5) library
pooling for MiSeq sequencing were strictly respected. After cycle sequencing, gigabase data provided
by Illumina MiSeq were transferred and stored into a securely cloud-based genomics computing
environment named BaseSpace Sequence Hub.
2.6. Data Management and Analysis
Sequence analysis was performed by cycle-sequencing using Illumina MiSeq. The data produced
were viewed by a sequencing analysis viewer (SAV) as recommended by the manufacturer. Individual
sequence fragments were assembled using an IVA (iterative virus assembler) and consensus sequences
were identified by each specimen. Only the sequences that represented most of 1% of the viral
population were retained for subsequent analyses to reduce potential recombination artifacts that
may influence viral sequence diversity. Consensus sequences obtained from NGS and IVA assembly
obtain from original data and those obtain from Los Alamos HIV-1 sequence database were aligned
using Clustal Wallis and conducted in Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets (MEGA7.0) software (www.megasoftware.net) [44]. A reference “HXB2” (GenBank accession
number: K03455.1) envelope sequence, gp160 (amino acids residues 512–856 of full genome numbering)
was included in the alignment. Each sequence was also aligned in the blastx homepage with online
software (http://blast.ncbi.nlm.nih.gov) and screened to identify potential protein products encoded by
a nucleotide query of each sequence. This blastx search ensures that all sequences correspond to the
amplified full-length gp160 HIV-1 envelope. All ambiguous or gaps sequences were excluded from
subsequent analyses.
We used the online Los Alamos sequence database tools to determine the characteristics of
the HIV-1 variable regions (GP120- V1 to V5 loops). This online tool provides results of the HIV
N-linked glycosylation site, the loop length and the V3 loop net charge (NC) where we used default
setting that have computed with KRH = (+) and DE = (−). The following link was used: https:
//www.hiv.lanl.gov/content/sequence/VAR_REG_CHAR/index.html.
Determination of the HIV-1 envelope amino acid sequences logo and frequencies for three
category of infection stages (TF, RC and CH) were performed using WebLogo Version 2.8 and 3
(http://weblogo.berkeley.edu/logo.cgi) [45,46]. The WebLogo tools generate sequence logo, graphical
representations of the patterns within a multiple sequence alignment. HIV-1 envelope sequences
subjected to WebLogo analyses (N = 231)) were First submitted to multiple sequence alignments
using MEGA 7.0 software. The HXB2 Env GP160 sequences were introduced in alignment for
numbering purposes [15,29,31,47–49]. Aligned envelope sequences for each category of viruses
(chronic, transmitted/founder and recent) were then downloaded separately in fasta files. Sequences
files for each category of infection were subsequently uploaded individually and analyzed in WebLogo
online software. Weblogo analysis identify and counts number of individuals amino acids selected at
each position of the Env sequence length (1-856) and report frequency from population. Sequence data
of each category of infection were further downloaded in plain text output format that reported the
total count of selected amino acids at each position of Env aligned sequence. We finally generated three
files of amino acid counts for each of the three category of viruses (TF, RC and CH) and proceeded to
statistical comparison; position by position and amino by amino acid, between them and reported
the significant difference. We referred to HXB2 Env sequences introduced as reference in MEGA 7.0
multiple sequences alignments to identify the exact position of the amino acids in Env by checking in
black the boxes: without (w/o) gaps. Localization (sub-regions or domains of Env) for any amino acid
changes referred to HXB2 numbering as summarized in Supplemental Table S2.
Envelope nucleotide and amino acid sequences for all full-length HIV-1 transmitted founder,
recent and chronic viruses were deposited and are available in the GenBank sequence database under
the accession MK076153-MK076292. HIV-1 envelope sequence data qualifiers are also available in
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Supplemental Table S3. The background information of selected LANL chronic clade B HIV-1 envelope
sequences were reported in the Supplemental Table S4.
2.7. Statistical Analyses
We used descriptive statistics, the mean and nucleotide composition across HIV-1 envelope gp160
length to estimate the amino acid differences between transmitted founder with recent and chronic
sequences using the HXB2 envelope sequence as a reference. Descriptive statistics were performed
using proportion and means or median for qualitative and quantitative variables, respectively, as well
as ridge plots. The Kruskal Wallis, Wilcoxon and Chi square tests were used to compare the different
parameters per type of infection. The Wald test statistics with logistic regression model were also
used. Stata version 14, R version 3.5.1 and SPSS version 24 were used as statistical software. A p-value
less than 0.05 was considered statistically significant. Moreover, the p-values were adjusted using the
Benjamin Hochberg procedure for multiple comparisons.
2.8. Ethics Approval and Consent to Participate
Ethical approval was given by the “Comité d’éthique et de la recherche (CÉR) des Centres
hospitaliers affiliés à l’Université de Montréal (CHUM); Number: 2015-5569, CE14-344CA. It was
yearly renewed since 2015 by our Institutional review board. All samples were anonymized before
application in this study. No nominal information was used for analysis or data management. This
manuscript did not contain any individual data in any form whatsoever to publish.
3. Results
A total (N) of 757 specimens from acute and early HIV-1 infections based respectively on EIA-p24
antigen positive, Western blot (WB) negative and WB positive with the presence of HIV-1 antibody and
qualified by a recent infection testing algorithm (RITA) [37,39] (Figure 1). Chronic clade B HIV-1 viruses
envelopes sequences were selected from Los Alamos HIV sequence databases and constitute a part
of chronic sequences that were obtained from the LSPQ serobank collection (Figure 1, Supplemental
Table S1).
From acute HIV-1-infection serum samples (N = 469) classified as TF viruses, we obtained 98
consensus individual clade B HIV-1 envelope sequences after a molecular evolutionary genetic analysis.
Five of the one hundred tree sequences were excluded because they had short envelope amino acids
sequences lengths (<856 bp) after MEGA 7 multiples sequences alignment. The nested-RT-PCR success
rate of acute infection samples was 23% (102/469), as presented in Figure 1.
From the total of early HIV-1 infection samples (N = 240) where viruses identified as classified as
recent HIV viruses, twenty-eight (28) HIV-1 consensus envelope sequences were obtained (Figure 1).
This result corresponded to an RT-PCR amplification success rate of 15% (36/240). Eight (8) non-B
HIV-1 envelope sequences were excluded for molecular analysis (Figure 1).
Of forty-eight (48) chronic HIV-1 infection samples collected from LSPQ serobank samples
collections, only two HIV-1 envelopes sequences were finally obtained after analysis, which
demonstrated a fair result after HIV RNA amplification (4%; Figure 1).
The repartition of clade B HIV-1 envelope sequences (one sequence per individual) in total is
as follow: chronic (CH): 45.46% (N = 105 include); TF viruses: 42.42% (N = 98 include, N = 4 non-B
HIV-1 were exclude) and recent (RC): 12.12% (N = 28 were include, N=8 non-B HIV-1 were excluded)
as shown in Figure 1 and Supplemental Table S3. A total of 105 HIV-1 B chronic envelope sequences
included two HIV-1 envelope sequences of LSPQ serobank samples collections and LANL chronic
HIV-1 clade B envelope sequences (Figure 1). The background information of LANL selected chronic
HIV-1 envelope sequences is available in Supplemental Table S4.
Thus, a total of 231 clade B HIV-1 full-length consensus envelope sequences were included in
this analysis.
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3.1. Characteristics of HIV-1 Envelope Variable Regions
The first objective of the current study was to determine the characteristics of the HIV-1 variable
regions, including the number of N-glycosylation sites, the loop length and the V3 loop positive net
charge between TF, RC and CH viruses. As presented in Figure 2d and Supplemental Table S5, the
differences in the numbers of N-glycosylation sites of the HIV-1 Env GP120 loop 3 (V3) were statistically
significant using the Kruskal–Wallis test and Wald test with logistic regression model. This concerns
CH (median/range: 2 (2,2)) and TF (median/range: 2 (2,2)),(OR = 0.58, 95% CI (0.36–0.93), p = 0.026),
between RC (median/range: 2 (2,3) and TF: 2 (2,2) (OR = 0.37, 95% CI (0.19–0.73), p = 0.004 and CH
(median/range: 2 (2,2) and RC (median/range: 2 (2,3), (OR = 2.03, 95% CI (0.98–4.21), p = 0.05).
The difference in the HIV-1 Env GP120 loop 5 (V5) lengths was statistically significant using the
Kruskal–Wallis test and Wald test with logistic regression model (Figure 3f and Supplemental Table S5).
These differences concerned RC (median/range: 15 (13, 15) and TF (median/range: 13 (12, 14)), OR =
0.65, 95% CI (0.49–0.86), p = 0.003 and between CH (median/range: 15 (12, 14)) and RC (median/range:
15 (13, 15), OR = 1.44, 95% CI (1.12–1.86), p = 0.004.
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Figure 3. Ridge plot comparing the clade B HIV-1 envelope variable loop length between CH, RC and
TF viruses. The boxes represent the density plot of: Env V1 loop lengths (a), Env V2 loop lengths (b),
Env V1V2 loop length (c), Env V3 loop length (d), Env V4 loop length (e) and Env V5 loop length (f) for
CH, RC and TF viruses respectively. For each box, the top (green), middle (blue) and bottom (yellow)
represent, respectively, TF, RC and CH viruses sequences. X-axis presents sequence loop lengths and
the Y-axis the loop length density for each timeline category of viruses (CH, R and TF). As presented
in Figur 2f, the differenc s in th HIV-1 Env GP120 V5 loop lengths between RC and TF, p = 0.003 and
CH and RC, p = 0.004 are statistically signific nt using Wald Test with regression logistic model.
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The box represents a density plot of the V3 positive net charge. The top (green), middle (blue) and
bottom (yellow) represent the TF, RC and CH viruses’ V3 sequences net charge, respectively. The X-axis
represents the number of charges for the HIV-1 Env gp120V3 loop and the Y-axis represents the density
of sequ nce charges of HIV-1-infected individuals for the CH, RC and TF viruses respectively. As
shown in Figure 4, the difference of the V3 positive net charge was significant between CH, RC and TF, p
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= 0.04. Importantly, the difference in HIV-1 Env V3 loop net charge was statistically significant between
CH and TF viruses, p = 0.03 using Wald with regression logistic model. No significant difference was
observed between RC and TF, p > 0.05.
3.2. Clade B HIV-1 Envelope Amino Acids Signatures Associated to Transmitted/Founders and Recent Viruses
Compared to Chronic
The second objective of this study was to screen full-length HIV-1 envelope sequences to
identify genetic characteristics (mutation patterns) associated with transmitted/founder and recent
viruses compared to chronic ones. As presented in Figures 6, 7 and Table 1, two genetic signatures
were identified.
The first significant amino acids enrichment difference between CH and TF was observed in the
HIV-1 envelope gp41 cytoplasmic tail, specifically in the Lentivirus Lytic peptide 1 (LLP-1). It concerns
a substitution of an arginine (R) by an isoleucine (I) at position 841 (R841I) in reference to HXB2 Env
sequence numbering (Figure 5, Table 1).
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Figure 5. Genetic signature identified under the HIV-1 envelope GP41 Lentivirus Lytic peptide 1
(LLP-1) associate to clade B HIV-1 TF viruses compared to chronic (CH) using WebLogo. The X axis
represents amino acids (AA) composing the LLP-1 sequence (direction N to C). The Y axis represents
the normalized AA frequency identified at each position of the LLP-1 sequence for each category of
infection. The top line box represents the chronic (CH) viruses envelope GP41 LLP-1 sequence (N =
105) and the bottom line for TF viruses (N = 98). As indicated for Weblogo analysis, the overall height
of each stack indicates the sequence conservation at that position (measured in bits), whereas the height
of symbols within the stack reflects the relative frequency of the corresponding amino or nucleic acid at
that position. The isoleucine (I) amino acid signature was localized at position 959 of alignment (HXB2
position R841I) and identified by a red asterisk.
The isoleucine was highly enriched in TF viruses LLP-1 domains, 33.68% (32/95), compared to CH
virus LLP-1 domains, 9.52% (10/105), OR = 0.2, 95% CI (0.09–0.44), p < 0.00001 using the hi-squared
(Chi2) test.
The second genetic signature was identified in the HIV-1 envelope signal peptide (SP). It concerns
a substitution of lysine (K) by an isoleucine at position six of HXB2 numbering (Figure 6, Table 1). The
substitution of lysine (K) for isoleucine (I; K6I) in the Env SP at position six was highly enriched in
chronic viruses, 79.04% (83/105) compared to TF viruses, 53.60% (52/97), OR = 3.26, 95% CI (1.76–6.02),
p = 0.0001 using the chi-squared (Chi2) test.
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composing the LL - ence (direction N to C). The Y axis represents the normalized AA frequency
identified at each position of the SP sequence for each category of infection. The top line box represents
chronic (CH) viruses envelope SP sequence (N = 105) and the bottom line for TF viruses (N = 98). As
indicated for Weblogo analysis, the overall height of each stack indicates the sequence conservation at
that position (measured in bits), whereas the height of symbols within the stack reflects the relative
frequency of the corresponding amino or nucleic acid at that position. The isoleucine (I) amino acid
signature was localized at position six of alignment (HXB2 position K6I) and identified by a red asterisk.
Others significant amino acids mutation patterns that distinguish TF from CH HIV-1 envelope
sequences were also found less significant amino signatures in the GP120 C1 VI, V5 loops and GP 41
fusion peptide (FP), Kennedy Epitope (KE), loop and Fusion peptide proximal region (FPPR; Table 1).
3.3. HIV-1 Envelope Genetic Signatures Among Transmitted/Founder and Recent Viruses Compared to Chronic
Four important genetics signatures were also identified when combining TF and RC compared
to chronic viruses (Figures 7–10). The first one was localized in the GP120 V1 loop at position 153
(Figure 7) and did not constitute a change. However, it identified a high enrichment of glutamic acid
(E; 153E) in CH viruses, 89.42% (93/104) and 65.60% (82/105) in RC (+TF) ones, OR = 4.43, 95% CI
(2.16–9.05), p = 0.000001 using the Chi2 test.
The second was found in the Env signal peptide at position 24 and identifies a substitution of a
methionine (M) by an Isoleucine (I; M24I; Figure 8). The isoleucine mutation was enriched at 36.53%
(38/104) for CH and 12.08% (16/125) for RC (+TF), OR = 3.92%, 95% CI (2.04–7.53), p = 0.00001 using
the Chi2 test.
The third signature was localized at position 621 of HIV-1 Env GP41 loop domain. It consisted of
glutamine (Q) substitution by aspartic acid (D; Figure 9). The aspartic acid was enriched at 15.38%
(16/104) for CH and 41.60%, (52/125) for RC (+TF), OR = 0.25%, 95% CI (0.13–0.48), p = 0.00001 using
the Chi2 test.
The last amino acid mutation patterns that distinguish chronic from recent viruses were localized
in the HIV-1 Env GP 41 cytoplasmic tail specifically at position 751 (Figure 10). Specifically, they were
localized between the NF-κB activation (NA) and the highly immunogenic region, also called Kennedy
Epitope (KE; Figure 10). It consisted of an aspartic acid (D) substitution by a valine (V; D751V). The
valine was enriched at 60.95% (64/105) for CH and 31.20% (39/125) for RC (+TF), OR = 0.25%, 95% CI
(1.99–5.92), p = 0.00001 using the Chi2 test.
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The complete profile of statistically significant clade B HIV-1 envelope amino acid genetic
signatures that distinguish recent from chronic viruses is summarized in Table 2.
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HIV-1 chronic compared to recent viruses. The X axis represents amino acids (AA) composing the V1
loop sequence (direction N to C). The Y axis represents the normalized AA frequency identified at each
position of the V1 sequence for each category of infection. The top line box represents chronic virus
envelope V1 loop sequences (N = 105) and the bottom for RC viruses within 136 days MDRI and TF
(N = 126). As indicated for Weblogo analysis, the overall height of each stack indicates the sequence
conservation at that position (measured in bits), whereas the height of symbols within the stack reflects
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amino signature was localized at position 206 of alignment (HXB2 position 153E) and was identified by
a red asterisk.
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Env SP sequence (direction N to C). The Y axis represents the normalized AA frequency identified at
each position of the SP sequence for each category of infection. The top line box represents chronic
virus envelope SP sequences (N = 105) and the bottom for RC viruses within 136 MDRI and TF (N
= 126). As indicated for Weblogo analysis, the overall height of each stack indicates the sequence
conservation at that position (measured in bits), whereas the height of symbols within the stack reflects
the relative frequency of the corresponding amino or nucleic acid at that position. The isoleucine (I)
amino signature was localized at position 40 of alignment (HXB2 position M24I) and is identified by a
red asterisk.
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Figure 9. Genetic signature identified under the HIV-1 envelope GP41 cytoplasmic tail (CT or CD)
loop domain associate to clade B HIV-1 chronic compared to recent viruses. The X axis represents
amino acids (AA) composing the GP41 CT loop sequence (direction N to C). The Y axis represents the
normalized AA frequency identified at each position of the GP41 CT loop sequence for each category
of infection. The top line box represents chronic virus envelope GP41 CT loop sequences represented
individuals (N = 105) and the bottom for RC viruses within 136 MDRI and TF (N = 126). As indicated for
Weblogo analysis, the overall height of each stack indicates the sequence conservatio at that position
(measured in bits), whereas the height of symbols within the stack reflects the relative frequency of
the corresponding amino or nucleic acid at that position. The aspartic acid (D) amino signature was
localized a position 738 of alignment (HXB2 position Q621D) and identified by a d as erisk.Viruses 2019, 11, x FOR PEER REVIEW 14 of 23 
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Table 1. Summary statistics of the important amino acids change among the HIV-1 envelope sequences of chronic and transmitted/founder viruses.
HXB2 Env Amino Acids CH TF Chi2 Test




Signature YES NO Total YES NO Total OR 95% CI
B-H adjusted
p-values
841 R LLP-1 959 I R841I 10 95 105 32 63 95 0.2 0.09–0.44 0.00001
6 K SP 6 I K6I 83 22 105 52 45 97 3.26 1.76–6.02 0.0001
62 D C1 81 E D62E 20 85 105 4 94 98 5.52 1.89–16.04 0.006
514 G ECD 628 T G514T 9 22 31 26 12 38 0.18 0.06–0.52 0.006
24 M SP 40 I M24I 38 66 104 16 81 97 2.91 1.50–5.64 0.006
743 R HIR/KE 865 R 743R 45 60 105 62 35 97 0.42 0.24–0.74 0.008
153 E V1 206 E 153E 93 11 104 71 26 97 3.09 1.44–6.59 0.008
744 R HIR/KE 862 R 744R 78 27 105 53 44 97 2.39 1.32–4.32 0.008
717 F HIR/KE 834 F 717F 86 19 105 62 35 97 2.55 1.34–4.85 0.008
717 F HIR/KE 834 L F717L 19 86 105 35 62 97 0.39 0.20–0.74 0.008
154 I V1 207 M I154M 35 70 105 52 46 98 0.44 0.25–0.77 0.008
744 R HIR/KE 862 T R744T 15 90 105 30 67 97 0.37 0.18–0.74 0.008
841 R LLP-1 959 L R841L 81 24 105 56 39 95 2.35 1.27–4.31 0.009
621 Q GP 41 Loop 738 D Q621D 16 88 104 31 67 98 0.39 0.20–0.77 0.009
464 L V5 566 N L464N 24 45 69 42 31 73 0.39 0.20–0.77 0.009
543 Q FPPR 657 Q 543Q 63 42 105 76 22 98 0.43 0.23–0.79 0.009
Table 1 presents the important HIV-1 envelope sequence polymorphisms of chronically infected individuals compared to TF viruses of individuals infected that are considered as
genetic signatures. Bold typeface define the important Env genetic signatures identified and discussed in manuscript. The gray character referred to sequences alignment position of
amino acid change. Abbreviations: V1—variable loop 1, CP—cytoplasmic domain/tail, EC—endocytosis domain, SP—Signal peptide, C2—constant domain 2, C3—constant domain 3,
ECD-Loop—Ectodomain-loop region, CP-KE—cytoplasmic domain-Kennedy epitope, ECD-CHR—Ectodomain-C-hepta-repeat, CP-LLP-1—Cytoplasmic Tail-Lentivirus Lytic peptide 1.
MSD—Membrane-spanning domain.
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Table 2. Major amino acid signatures among HIV-1 envelope sequences between chronic and recent viruses.
HXB2 Env Amino Acid CH TF + RC Chi2 test
Position Amino acid Subregion/Domain Alignmentposition Change
Genetic
signature YES NO TOTAL YES NO TOTAL OR 95% CI
B-H Adjusted
p value
153 E V1 206 E 153E 93 11 104 82 43 125 4.43 2.16, 9.05 0.000001
24 M SP 40 I M24I 38 66 104 16 109 125 3.92 2.04, 7.53 0.00001
621 Q GP 41 CT Loop 738 D Q621D 16 88 104 52 73 125 0.25 0.13, 0.48 0.00001
751 D CT (HIR/KE) 876 V D751V 64 41 105 39 86 125 3.44 1.99, 5.92 0.00001
6 K SP 6 I K6I 83 22 105 69 56 125 3.06 1.70, 5.48 0.0003
33 K C1 49 Q K33Q 39 55 94 22 102 124 3.28 1.78, 6.06 0.0003
717 F EC (YSPL) andHIR/KE 834 F F717F 86 19 105 73 52 125 3.22 1.75, 5 0.0003
717 F EC (YSPL) andHIR/KE 834 L F717L 19 86 105 52 73 125 0.31 0.16, 0.56 0.0003
747 R HIR/KE NA 865 R R747R 45 60 105 85 40 125 0.35 0.20, 0.60 0.0003
132 T V2 151 T T132T 86 19 105 75 51 126 3.07 1.67, 5.64 0.0004
154 I V1 207 M I154M 35 70 105 73 53 126 0.36 0.21, 0.62 0.0004
360 I C3 441 V I360V 52 52 104 33 93 126 2.81 1.62, 4.88 0.0004
737 R HIR/KE 862 T R737T 15 90 105 44 81 125 0.3 0.16, 0.58 0.0006
841 R LLP-1 959 I R841I 10 95 105 35 87 122 0.26 0.12, 0.55 0.0006
744 R HIR/KE 862 R R744R 78 27 105 65 60 125 2.66 1.52, 4.65 0.0009
236 T Loop D 312 S T236T 9 95 104 33 93 126 0.26 0.12, 0.58 0.001
Table 2 presents the statistically significant clade B HIV-1 envelope sequence polymorphisms among chronic compared to recent viruses of individuals HIV-1 infected that are
considered as genetic signatures. Bold typeface define the important Env genetic signatures identified and discussed in manuscript. The gray character referred to sequences
alignment position of amino acid changes. Abbreviations: V1—variable loop 1, CP—cytoplasmic domain/tail, EC—endocytosis domain, SP—Signal peptide, C—constant domain 2,
C3—constant domain 3, ECD-Loop—Ectodomain-loop region, CP-KE—cytoplasmic domain-Kennedy epitope HIR-KE— Highly Immunogenic region (HIR) also called Kennedy epitope.
ECD-CHR—Ectodomain-C-hepta-repeat, CP-LLP-1—Cytoplasmic tail-lentivirus lytic peptide 1.
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4. Discussion
The main objective of the current study was to determine the characteristics of the clade B
HIV-1 envelope variable loop in term of sequences length, number of N-glycosylation sites and net
charge. It also aimed at identifying the principal amino acid signatures associated with TF and
RC founder virus strains compared to chronic viruses. The TF and RC HIV-1 viruses envelopes
glycoproteins mutations patterns determine the success of viral transmission and its evolution during
HIV-1 infections. Identifying such genetic signatures may help improve HIV-1 prevention and inform
vaccine design. The current study included 103 untreated HIV-1 clade B HIV-1 consensus envelope
sequences from different cohorts available in the Los Alamos sequence databases (Figure 1), in addition
to two sequences derived from LSPQ serobank chronically infections. To limit the selection bias in
LANL sequences, we carefully identified consensus sequences (one/patient) from clearly untreated
chronically HIV-1-infected individuals from the North America region (United States of America and
Canada) that had been previously included in published articles [1,9]. We failed to obtain more HIV-1
chronic envelope sequences from all study participants derived from LSPQ serobank collections in
order to make comparisons between TF and CH derived in the same context. This was due to the
lower amplification success rate obtained in this study for those samples.
Multiple factors may have affected HIV-1 envelope amplification success rate including sample
quality such as the long-term storage, viral RNA extraction procedures, primers and enzymes as
well as the viral loads of infected individuals (VL < 20,000 copies/ml). Depending on the length
the HIV-1 genome to be amplified and specifically for Env gene, the procedure is known to be
challenging [9,50–52].
4.1. Clade B HIV-1 Envelope Variable Loop Characteristics
The first objective of the current study was to characterize HIV-1 TF viruses envelope variable
regions, which include the V1/V2, V3, V4 and V5 loop lengths, their number of N-linked glycosylation
sites and the V3 loop positive net charge.
Our results show that the V3 loop numbers of N-glycosylation sites of TF viruses were significantly
less glycosylated than the chronic ones (Figure 2 and Table S5). The Env V3 loop of TF viruses were
less positively charged than chronic viruses. (Figure 4 and Table S5). This observation confirms earlier
findings of a decreased positive net charge of TF viruses V3 loop sequences compared to chronic [53–58].
The positive net charge of HIV-1 envelope hypervariable loop three modulated the viral phenotype
and tropism [59] at different stages of infection. The lower decreased charge of TF viruses V3 loop may
constitute a regulating factor of viral phenotype during transmission.
In this study, The V1/V2 loop length and number of N-glycosylation sites did not differ between
TF and CH HIV-1 viruses envelopes identified by earlier studies [60]. A shorter V1/V2 length and a
fewer number of N-glycosylation sites have been associated to TF viruses in previous studies [60].
Most of these characteristics have been observed for clades A, C and D of HIV-1 [1,14,58,61]. This could
reflect a difference among clades, as our study compared clade B HIV-1 Env V1 and V2 loops [14,57,58].
We also observed that HIV-1 Env GP120 loop 5 (V5) length of TF viruses was significantly shorter
than RC and CH viruses (Figure 3 and Table S1). The V5 loop has been found to be necessary for viral
structure integrity maintenance, negatively affected virus assembly and virus entry [62] and constituted
neutralizing determinants recognized by broadly neutralizing monoclonal antibodies [63,64]. It also
participates in CD4 binding sites (CD4bs) formation [65]. The shorter loop length of TF compared to
RC and CH viruses suggests that V5 sequence loops length modeling at the acute stage of infection
plays an important role in the virus transmission process and subsequently to disease progression.
4.2. Clade B HIV-1 Envelope Amino Acids Signatures Associate to Transmitted/Founder and Recent Viruses
The second objective of this study was to identify specific mutation patterns across the HIV-1
envelope that may be considered as a genetic signature of TF viruses. We first compared the TF viruses
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envelope sequences derived of acutely HIV-1-infected individuals (Fiebig stage 1 to 2) [66,67] with
those from chronically infected individuals. The first important point mutation identified consisted
of substitution of an arginine (R) by an isoleucine (I) at position 959 of alignment and referred to
HXB2 numbering to position 841 (R841I; Figure 5). This mutation was localized in the C-terminal
of the cytoplasmic (CT/D), specifically in the lentivirus lytic peptide segment 1 (LLP-1) [68,69]. The
cytoplasmic tail or domain of GP41 is important for HIV-1 replication and pathogenesis by regulating
rapid clathrin-mediated endocytosis that induces low levels of Env expression on cell surface [30,70,71].
This phenomenon contributes to limiting humoral immune pressure to HIV-1 [30]. It is also known
that GP41 CT contributes to Env incorporation into virions by interacting with viral matrix protein [37]
and also for cellular-transcription factor NF-κB activation [30]. The CTs of HIV-1 of GP41 have also
been shown to have an impact on gp120 and ECD conformation and mutations in this domain also
impacted recognition and neutralization of antibody [15,32,72].
The R841I signature associated to clade B HIV-1 TF viruses was localized at position 841 of the
GP41 cytoplasmic tail in this LLP-1. It was reported that the LLP-1 mutations affect Env association
with lipid rafts [31,70] and reduce Env incorporation, infectivity and the replication process for certain
viral phenotypes [73]. The results of our current study reveal the selection of isoleucine by TF viruses
(Table 1), which may contribute to HIV-1 gp41 CT functions. Earlier studies have highlighted the
importance of gp41 cytoplasmic tail domain (CD) in HIV-1 in transmission and pathogenesis [30]. Lee,
S. F. et al. (2002) previously demonstrated that a single deletion of one of the two adjacent valine
residues located at position 832 and 833 and Ile-830, Ala-836 and Ile-840 significantly contributed to
the reduction of Env steady-state expression [74]. The R841I substitution identified in the acute stage
of infection of our study may constitute a key factor to enhance LLP-1 functions. It would be necessary
to evaluate its functional implications in the HIV-1 transmission process and viral replication.
The second important amino acid signature identified was K6I (within the signal peptide), highly
enriched in chronic vs. TF viruses (Figure 6, Table 1). The negative selection of this mutation for the TF
viruses may represent a strategy for virus resistance to early immune responses. Gnanakaran S, et
al. 2011 [1] showed that a histidine signature at position 12 (H12) in the signal peptide was highly
enriched in TF viruses compared to chronic HIV-1 envelope sequences. The histidine amino acids
that were normally located at position 12 were substituted by arginine (R) or proline (P) during acute
infection [1,75]. This H12 signature was found to increase envelope incorporation in pseudoviruses
in vitro [75,76]. The current study identified and highly selection of the isoleucine (K6I) associated to
chronic compared to TF viruses (Figure 6, Table 1). This mutation constituted an amino acid signature
enriched during disease progression over chronic infection.
The HIV-1 envelope signal peptide plays an important role in virus interaction with host cells
during transmission and its evolution toward the chronic stage. It contributes to increased Env gp120
transport and the secretion and expression of Env on the cell membrane surface [77]. As reported
by previous studies, a natural variation in the N- terminal signal peptide (SP) of the HIV envelope
significantly impacts the antigenicity and molecular mass of mature gp120 and its glycosylation
and interaction with DC-SIGN [78]. The SP is also likely subjected to antibody-mediated immune
pressure [77]. Compared to the Gnanakaran et al. (2011) study, phylogenetic analysis methods and the
numbers of sequence datasets used for amino acid signature estimate may explain the different results.
The Gnanakaran et al. study used consensus and corrected phylogenetic tree analyses [1,76] for amino
acid signature estimates, whereas our study used the WebLogo online-based application to map and
determine the amino acid estimates. In addition, the definition of the TF viruses was also different. The
current study considered TF viruses as the sequences of HIV-1-infected individuals sampled during
acute infection Fiebig 1 to 2 stages [40,41], whereas Gnanakaran et al. (2011) considered as recent
viruses those identified at early stage of HIV-1 infection covering the Fiebig stages 2 to 5 [1,76].
We believed that identifying the HIV-1 envelope genetic signature very early after infection might
lead to a better identification of important genetic polymorphism observed during disease transmission.
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Therefore, we compared chronic virus envelope sequences with those of TF and recent ones to
determine a specific mutation pattern. Four significant HIV-1 envelope amino acid signatures were
identified (Figures 7–10 and Table 2). Three were highly associated to chronic viruses and one to
recent ones. The mutations patterns associated with chronic viruses consisted of glutamic acid (E) at
position 153 in the V1 loop (153E), a methionine (M) substitution by isoleucine at position 24 in the
signal peptide (M24I) and aspartic acid (D) substitution by a valine (V) in the cytoplasmic tail (D751V;
Figures 7, 9 and 10 and Table 2). The amino acid signature associated with recent and TF viruses
together was localized in the GP41 ectodomain, specifically in the loop domain (Figure 9 and Table 2).
It consisted of glutamine (Q) substitution by aspartic acid (D) at position 621 (Q621D). The HIV-1
envelope genetic signatures identified for chronic and recent viruses constituted results of accumulated
mutations during disease progression.
In summary, we identified an important HIV-1 envelope amino acid genetic signature associate
to the GP41 cytoplasmic tail, specifically in the lentivirus lytic peptides associated TF compared to
chronic viruses. It would be interesting to conduct phenotypic studies to further evaluate the role of
isoleucine substitution in viral Env function (R841I) including others frequents mutations. Overall, this
study provided new evidence related to genetic characteristics of HIV-1 envelope sequences associate
with clade B TF, RC and CH viruses. As other genetic analysis, the Weblogo would have been impacted
results of sequence genetic profiles if different groupings were considered. Careful verification to
ensure that all sequences have the same lengths and do not contain gaps could be considered.
5. Conclusions
The current study identified the presence of different point mutations patterns in the HIV-1
envelope, specifically in the GP41 cytoplasmic tail lentivirus lytic peptide segment 1 (gp41 CT_LLP-1)
significantly associated with TF viruses. The LLP-1 domains of GP41 CT play an important role in the
virus replication and pathogenesis. The R841I mutation identified in this segment may be considered as
specific genetic signature, as well as its phenotypic properties during HIV-1 transmission merits further
study. The HIV-1 transmission is complex, multifactorial and this mutations profiles identified could
not be the only contributing factors to the disease transmission. But, understanding and identifying
such early envelope molecular determinants may provide clues for the design of an HIV vaccine.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/11/1012/s1,
Table S1: Defining of the different timeline categories of HIV-1 infection status and referred nomenclatures reported
in manuscript, Table S2: Limit of HIV-1 envelope sub-regions and domains referred to HXB2 Env gp160 sequence
numbering, Table S3: HIV-1 TF viruses envelope sequences data qualifiers, Table S4: Background information
of LANL clade B HIV-1 chronic viruses envelope sequences, Table S5: Descriptive statistics of HIV-1 envelope
variable regions characteristics including the number of N-glycosylation sites, the loop lengths and the V3 loop
net charge.
Author Contributions: C.L.T. H.C. A.K. (Alexis Kafando), M.E.-F. B.S. C.M. F.D.-B and. A.C.: contributed to the
conception and study design; A.K. (Alexis Kafando), E.F. B.S. C.M. F.D.-B. M.S. A.C. H.C. contributed to data
acquisition, analysis and interpretation; A.K. (Alexis Kafando), E.F. A.K. (Adama Kazienga) M.N.S. B.S. C.M.
F.D.-B. H.C.: contributed to the bioinformatics and statistical analysis of the data. All authors contributed to
drafting the work or critically revising the manuscript for important intellectual content and provided approval of
the final version to be published.
Funding: This study was funded by the Islamic Development Bank, Jeddah, Saudi Arabia (Grant number:
600014438), the AIDS and Infectious Disease Network (FRQS), Quebec, Canada, and Genome Canada. Alexis
Kafando received PhD scholarships of (1) Islamic Development Bank Merit Scholarship Programme for High
Technology, for 3 Year PhD. (2013–2016), ID: 600014438, Jeddah, Saudi Arabia. (2) A bourse d’exemption des
droits de scolarité supplémentaires pour étudiants étrangers of the Université de Montréal, Montréal, Québec,
Canada. (3) A bourse de fin d’études doctorales of the Faculté des Études Supérieures et Postdoctorales (FESP) of
the Université de Montréal, Montréal, Québec, Canada. (4) A bourse d’étude of Dre Tremblay’s laboratory at the
University of Montreal Hospital Research Centre (CRCHUM) funded by the (FRQS RESEAU SIDA-MI), Québec,
Canada. (5) Kafando is also beneficiary of the “Programme de prêts et bourses du ministère de l’éducation et
de l’enseignement supérieur du gouvernement du Québec, Canada”and (6) he is an employee of the Centre
Muraz biomedical research center, Ministry of Heath, Burkina Faso. Cécile L. Tremblay, corresponding author, is
a Director of the Pfizer/University of Montreal Chair on Translational HIV Research, Director of the AIDS and
Viruses 2019, 11, 1012 18 of 22
Infectious Disease Network of The Fonds de recherche du Québec–Santé (FRQS), Canada. Cecile Tremblay’s
laboratory at University of Montreal Hospital Research Centre (CRCHUM) was funded by FRQS, Quebec, Canada.
Acknowledgments: We are grateful to all lab technicians of the molecular biology, serodiagnosis and virology
departments at “the laboratoire de santé publique Québec” (LSPQ) of the “Institut national de santé publique
du Québec” (INSPQ) Montreal, Canada, for technical support. We would also like to thank Lyne Désautels,
Sylvie-Nancy Beaulac and Lise Leblanc and colleagues. We are grateful to Diane Sylvain and Maureen Hastie
of the provincial HIV surveillance program of Quebec at the INSPQ, Quebec, Canada, for providing patients’
epidemiological and clinical data. We thank Réjean Dion (médecin conseil) at the LSPQ/INSPQ, Sia Drissa at the
“Université du Québec en Outaouais”, Quebec, Canada, for statistical analysis advising. We also thank Art FY.
Poon, PhD. assistant Professor and researcher in viral evolution at the department of Pathology and Laboratory
Medicine, University of Western Ontario, Canada, Nicolas Chomont, PhD. Associate research professor in the
Department of Microbiology, Infectiology and Immunology at the University of Montreal. and at the University of
Montreal Hospital Research Centre (CRCHUM), Quebec, Canada and Paul Wankah, MD, at the University of
Sherbrooke, Québec, Canada; for their precious advising and revising this manuscript. Finally, we thank Andrés
Finzi and Petronela Ancuta at the CRCHUM and University of Montreal and Guy Lemay at the department of
microbiology, infectiology and immunology of the University of Montreal for advisement on study conception.
We also acknowledge the HIV-1-infected patients of Quebec from whom serum samples were obtained in the
present study.
Conflicts of Interest: All authors have no competing interests to declare.
References
1. Gnanakaran, S.; Bhattacharya, T.; Daniels, M.; Keele, B.F.; Hraber, P.T.; Lapedes, A.S.; Shen, T.; Gaschen, B.;
Krishnamoorthy, M.; Li, H.; et al. Recurrent Signature Patterns in HIV-1 B Clade Envelope Glycoproteins
Associated with either Early or Chronic Infections. PLoS Pathog. 2011, 7, e1002209. [CrossRef]
2. Shaw, T.I.; Zhang, M. HIV N-linked glycosylation site analyzer and its further usage in anchored alignment.
Nucleic Acids Res. 2013, 41, W454–W458. [CrossRef]
3. Benjelloun, F.; Lawrence, P.; Verrier, B.; Genin, C.; Paul, S. Role of Human Immunodeficiency Virus Type
1 Envelope Structure in the Induction of Broadly Neutralizing Antibodies. J. Virol. 2012, 86, 13152–13163.
[CrossRef]
4. Arrildt, K.T.; Labranche, C.C.; Joseph, S.B.; Dukhovlinova, E.N.; Graham, W.D.; Ping, L.H.; Schnell, G.;
Sturdevant, C.B.; Kincer, L.P.; Mallewa, M.; et al. Phenotypic Correlates of HIV-1 Macrophage Tropism. J.
Virol. 2015, 89, 11294–11311. [CrossRef] [PubMed]
5. Pierson, T.; McArthur, J.; Siliciano, R.F. Reservoirs for HIV-1: Mechanisms for Viral Persistence in the
Presence of Antiviral Immune Responses and Antiretroviral Therapy. Annu. Rev. Immunol. 2000, 18, 665–708.
[CrossRef] [PubMed]
6. Finzi, D.; Blankson, J.; Siliciano, J.D.; Margolick, J.B.; Chadwick, K.; Pierson, T.; Smith, K.; Lisziewicz, J.;
Lori, F.; Flexner, C.; et al. Latent infection of CD4(+) T cells provides a mechanism for lifelong persistence of
HIV-1, even in patients on effective combination therapy. Nat. Med. 1999, 5, 512–517. [CrossRef]
7. Van Regenmortel, M.H.V. Development of a Preventive HIV Vaccine Requires Solving Inverse Problems
Which Is Unattainable by Rational Vaccine Design. Front. Immunol. 2018, 8, 2009. [CrossRef] [PubMed]
8. Ensoli, B.; Cafaro, A.; Monini, P.; Marcotullio, S.; Ensoli, F. Cna Menges in HIV vaccine research for treatment
and prevention. Front. Immunol. 2014, 5, 11. [CrossRef] [PubMed]
9. Keele, B.F.; Giorgi, E.E.; Salazar-Gonzalez, J.F.; Decker, J.M.; Pham, K.T.; Salazar, M.G.; Sun, C.; Grayson, T.;
Wang, S.; Li, H.; et al. Identification and characterisation of transmitted and early founder virus envelopes in
primary HIV-1 infection. Proc. Natl. Acad. Sci. USA 2008, 105, 7552–7557. [CrossRef] [PubMed]
10. Joseph, S.B.; Swanstrom, R.; Kashuba, A.D.M.; Cohen, M.S. Bottlenecks in HIV-1 transmission: Insights from
the study of founder viruses. Nat. Rev. Genet. 2015, 13, 414–425. [CrossRef]
11. Kariuki, S.M.; Selhorst, P.; Ariën, K.K.; Dorfman, J.R. The HIV-1 transmission bottleneck. Retrovirology 2017,
14, 22. [CrossRef] [PubMed]
12. Shaw, G.M.; Hunter, E. HIV transmission. Cold Spring Harb. Perspect. Med. 2012, 2, a006965. [CrossRef]
[PubMed]
13. Bar, K.J.; Li, H.; Chamberland, A.; Tremblay, C.; Routy, J.P.; Grayson, T.; Sun, C.; Wang, S.; Learn, G.H.;
Morgan, C.J.; et al. Wide Variation in the Multiplicity of HIV-1 Infection among Injection Drug Users. J. Virol.
2010, 84, 6241–6247. [CrossRef] [PubMed]
Viruses 2019, 11, 1012 19 of 22
14. Frost, S.D.W.; Liu, Y.; Pond, S.L.K.; Chappey, C.; Wrin, T.; Petropoulos, C.J.; Little, S.J.; Richman, D.D.
Characterization of Human Immunodeficiency Virus Type 1 (HIV-1) Envelope Variation and Neutralizing
Antibody Responses during Transmission of HIV-1 Subtype B. J. Virol. 2005, 79, 6523–6527. [CrossRef]
15. Checkley, M.A.; Luttge, B.G.; Freed, E.O. HIV-1 envelope glycoprotein biosynthesis, trafficking, and
incorporation. J. Mol. Biol. 2011, 410, 582–608. [CrossRef]
16. Upadhyay, C.; Feyznezhad, R.; Yang, W.; Zhang, H.; Zolla-Pazner, S.; Hioe, C.E. Alterations of HIV-1
envelope phenotype and antibody-mediated neutralization by signal peptide mutations. PLoS Pathog. 2018,
14, e1006812. [CrossRef]
17. Freed, E.O. HIV-1 replication. Somat. Cell Mol. Genet. 2001, 26, 13–33. [CrossRef]
18. Moore, J.P.; Willey, R.L.; Lewis, G.K.; Robinson, J.; Sodroski, J. Immunological evidence for
interactions between the first, 2nd, and 5th conserved domains of the gp120 surface glycoprotein of
human-immunodeficiency-virus type-1. J. Virol. 1994, 68, 6836–6847.
19. Starcich, B.R.; Hahn, B.H.; Shaw, G.M.; McNeely, P.D.; Modrow, S.; Wolf, H.; Parks, E.S.; Parks, W.P.;
Josephs, S.F.; Gallo, R.C.; et al. Identification and characterization of conserved and variable regions in the
envelope gene of htlv-iii lav, the retrovirus of aids. Cell 1986, 45, 637–648. [CrossRef]
20. Douglas, N.; Munro, G.; Daniels, R. HIV/SIV glycoproteins: Structure-function relationships. J. Mol. Biol.
1997, 273, 122–149. [CrossRef]
21. Shang, L.; Yue, L.; Hunter, E. Role of the Membrane-Spanning Domain of Human Immunodeficiency Virus
Type 1 Envelope Glycoprotein in Cell-Cell Fusion and Virus Infection. J. Virol. 2008, 82, 5417–5428. [CrossRef]
[PubMed]
22. Shang, L.; Hunter, E. Residues in the membrane-spanning domain core modulate conformation and
fusogenicity of the HIV-1 envelope glycoprotein. Virology 2010, 404, 158–167. [CrossRef] [PubMed]
23. Weiss, C.D. HIV-1 gp41: Mediator of fusion and target for inhibition. AIDS Rev. 2003, 5, 214–221. [PubMed]
24. Markovic, I.; Clouse, K. Recent Advances in Understanding the Molecular Mechanisms of HIV-1 Entry and
Fusion: Revisiting Current Targets and Considering New Options for Therapeutic Intervention. Curr. HIV
Res. 2004, 2, 223–234. [CrossRef]
25. Chen, B.; Chou, J.J. Structure of the transmembrane domain of HIV-1 envelope glycoprotein. FEBS J. 2017,
284, 1171–1177. [CrossRef]
26. Haffar, O.K.; Dowbenko, D.J.; Berman, W. Topogenic analysis of the human immunodeficiency virus type-1
envelope glycoprotein, gp160, in microsomal-membranes. J. Cell Biol. 1988, 107, 1677–1687. [CrossRef]
27. Berman, W.; Nunes, W.M.; Haffar, O.K. Expression of membrane-associated and secreted variants of gp160
of human immunodeficiency virus type-1 invitro and in continuous cell-lines. J. Virol. 1988, 62, 3135–3142.
28. Salzwedel, K.; Johnston, P.B.; Roberts, S.J.; Dubay, J.W.; Hunter, E. Expression and characterization of
glycophospholipid-anchored human immunodeficiency virus type 1 envelope glycoproteins. J. Virol. 1993,
67, 5279–5288.
29. Env Feature database: HXB2 Genome Annotation. 2017. Available online: www.hiv.lanl.gov (accessed on 30
October 2019).
30. Postler, T.S.; Desrosiers, R.C. The tale of the long tail: The cytoplasmic domain of HIV-1 gp41. J. Virol. 2013,
87, 2–15. [CrossRef]
31. Yang, P.; Ai, L.S.; Huang, S.C.; Li, H.F.; Chan, W.E.; Chang, C.W.; Ko, C.Y.; Chen, S.S. The Cytoplasmic Domain
of Human Immunodeficiency Virus Type 1 Transmembrane Protein gp41 Harbors Lipid Raft Association
Determinants. J. Virol. 2010, 84, 59–75. [CrossRef]
32. Edwards, T.G.; Wyss, S.; Reeves, J.D.; Zolla-Pazner, S.; Hoxie, J.A.; Doms, R.W.; Baribaud, F. Truncation
of the Cytoplasmic Domain Induces Exposure of Conserved Regions in the Ectodomain of Human
Immunodeficiency Virus Type 1 Envelope Protein. J. Virol. 2002, 76, 2683–2691. [CrossRef] [PubMed]
33. Bültmann, A.; Muranyi, W.; Seed, B.; Haas, J. Identification of Two Sequences in the Cytoplasmic Tail of the
Human Immunodeficiency Virus Type 1 Envelope Glycoprotein That Inhibit Cell Surface Expression. J. Virol.
2001, 75, 5263–5276. [CrossRef] [PubMed]
34. Murakami, T.; Freed, E.O. The long cytoplasmic tail of gp41 is required in a cell type-dependent manner
for HIV-1 envelope glycoprotein incorporation into virions. Proc. Natl. Acad. Sci. USA 2000, 97, 343–348.
[CrossRef] [PubMed]
Viruses 2019, 11, 1012 20 of 22
35. Piller, S.C.; Dubay, J.W.; Derdeyn, C.A.; Hunter, E. Mutational Analysis of Conserved Domains within the
Cytoplasmic Tail of gp41 from Human Immunodeficiency Virus Type 1: Effects on Glycoprotein Incorporation
and Infectivity. J. Virol. 2000, 74, 11717–11723. [CrossRef] [PubMed]
36. Jiang, J.; Aiken, C. Maturation-Dependent Human Immunodeficiency Virus Type 1 Particle Fusion Requires
a Carboxyl-Terminal Region of the gp41 Cytoplasmic Tail. J. Virol. 2007, 81, 9999–10008. [CrossRef]
37. Kalia, V.; Sarkar, S.; Gupta, P.; Montelaro, R.C. Rational site-directed mutations of the LLP-1 and LLP-2
lentivirus lytic peptide domains in the intracytoplasmic tail of human immunodeficiency virus type 1 gp4l
indicate common functions in cell-cell fusion but distinct roles in virion envelope incorporation. J. Virol.
2003, 77, 3634–3646.
38. Cohen, M.S.; Shaw, G.M.; McMichael, A.J.; Haynes, B.F. Acute HIV-1 Infection. N. Engl. J. Med. 2011, 364,
1943–1954. [CrossRef]
39. Serhir, B.; Hamel, D.; Doualla-Bell, F.; Routy, J.P.; Beaulac, S.-N.; Legault, M.; Fauvel, M.; Tremblay, C.
Quebec Primary HIV infection study group Performance of Bio-Rad and Limiting Antigen Avidity Assays in
Detecting Recent HIV Infections Using the Quebec Primary HIV-1 Infection Cohort. PLoS ONE 2016, 11,
e0156023. [CrossRef]
40. Brian, R.; Wood, M.; David, H.; Spach, M.D. Acute and Recent HIV Infection. Section 1: Screening and
Diagnosis, Topic 4: Acute and Recent HIV Infection 2019 April 24th. 2019. Available online: https:
//www.hiv.uw.edu/go/screening-diagnosis/acute-recent-early-hiv/core-concept/all#tables (accessed on 8 July
2019).
41. Panel on Antiretroviral Guidelines for Adults and Adolescents. Guidelines for the Use of Antiretroviral
Agents in Adults and Adolescents with HIV. Considerations for Antiretroviral Use in Special Patient
Populations: Acute and Recent (early) HIV Infection. In National Instute of health (NIH), Department of Health
and Human Services; AIDSinfo, 2018. Available online: https://aidsinfo.nih.gov/guidelines (accessed on 3
October 2019).
42. Revilla, A.; Delgado, E.; Christian, E.C.; Dalrymple, J.; Vega, Y.; Carrera, C.; González-Galeano, M.;
Ocampo, A.; de Castro, R.O.; Lezaún, M.J.; et al. Construction and phenotypic characterization of HIV type 1
functional envelope clones of subtypes G and F. AIDS Res. Hum. Retrovir. 2011, 27, 889–901. [CrossRef]
43. Shcherbakova, N.S.; Shalamova, L.A.; Delgado, E.; Fernández-García, A.; Vega, Y.; Karpenko, L.I.;
Ilyichev, A.A.; Sokolov, Y.V.; Shcherbakov, D.N.; Pérez-Álvarez, L.; et al. Short communication: Molecular
epidemiology, phylogeny, and phylodynamics of CRF63_02A1, a recently originated HIV-1 circulating
recombinant form spreading in Siberia. AIDS Res. Hum. Retrovir. 2014, 30, 912–919. [CrossRef]
44. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]
45. Schneider, T.D.; Stephens, R. Sequence logos: A new way to display consensus sequences. Nucleic Acids Res.
1990, 18, 6097–6100. [CrossRef] [PubMed]
46. Crooks, G.E.; Hon, G.; Chandonia, J.M.; Brenner, S.E. WebLogo: A sequence logo generator. Genome Res.
2004, 14, 1188–1190. [CrossRef] [PubMed]
47. Yi, H.A.; Diaz-Rohrer, B.; Saminathan, P.; Jacobs, A. The Membrane Proximal External Regions of gp41
from HIV-1 Strains HXB2 and JRFL Have Different Sensitivities to Alanine Mutation. Biochemistry 2015, 54,
1681–1693. [CrossRef] [PubMed]
48. Yu, F.; Lu, L.; Du, L.; Zhu, X.; Debnath, A.K.; Jiang, S. Approaches for Identification of HIV-1 Entry Inhibitors
Targeting gp41 Pocket. Viruses 2013, 5, 127–149. [CrossRef]
49. Hunt, R. Virology—Chapter Seven Part Nine Human Immunodeficiency Virus and Aids Structure: The
Genome and Proteins of HIV. In Microbiology and Immunology On-line; Hunt, R.C., Ed.; University of South
Carolina School of Medicine: Columbia, CA, USA, 2016.
50. Archary, D.; Gordon, M.L.; Green, T.N.; Coovadia, H.M.; Goulder, P.J.; Ndung’U, T. HIV-1 subtype C
envelope characteristics associated with divergent rates of chronic disease progression. Retrovirology 2010, 7,
92. [CrossRef]
51. McClure, P.; Curran, R.; Boneham, S.; Ball, J.K. A polymerase chain reaction method for the amplification of
full-length envelope genes of HIV-1 from DNA samples containing single molecules of HIV-1 provirus. J.
Virol. Methods 2000, 88, 73–80. [CrossRef]
Viruses 2019, 11, 1012 21 of 22
52. Cornelissen, M.; Gall, A.; Vink, M.; Zorgdrager, F.; Binter, Š.; Edwards, S.; Jurriaans, S.; Bakker, M.; Ong, S.H.;
Gras, L.; et al. From clinical sample to complete genome: Comparing methods for the extraction of HIV-1
RNA for high-throughput deep sequencing. Virus Res. 2017, 239, 10–16. [CrossRef]
53. Balasubramanian, C.; Chillemi, G.; Abbate, I.; Capobianchi, M.R.; Rozera, G.; Desideri, A. Importance of V3
Loop Flexibility and Net Charge in the Context of Co-Receptor Recognition. A Molecular Dynamics Study
on HIV gp120. J. Biomol. Struct. Dyn. 2012, 29, 879–891. [CrossRef]
54. De Wolf, F.; Hogervorst, E.; Goudsmit, J.; Fenyö, E.-M.; Rübsamen-Waigmann, H.; Holmes, H.;
Galvão-Castro, B.; Karita, E.; Wasi, C.; Sempala, S.; et al. Syncytium-Inducing and Non-Syncytium-Inducing
Capacity of Human Immunodeficiency Virus Type 1 Subtypes Other Than B: Phenotypic and Genotypic
Characteristics. AIDS Res. Hum. Retrovir. 1994, 10, 1387–1400. [CrossRef]
55. Kaleebu, P.; Nankya, I.L.; Yirrell, D.L.; Shafer, L.A.; Kyosiimire-Lugemwa, J.; Lule, D.B.; Morgan, D.;
Beddows, S.; Weber, J.; Whitworth, J.A. Relation between chemokine receptor use, disease stage, and HIV-1
subtypes A and D—Results from a rural Ugandan cohort. Jaids-J. Acquir. Immune Defic. Syndr. 2007, 45,
28–33. [CrossRef] [PubMed]
56. Baalwa, J.; Wang, S.; Parrish, N.F.; Decker, J.M.; Keele, B.F.; Learn, G.H.; Yue, L.; Ruzagira, E.; Ssemwanga, D.;
Kamali, A.; et al. Molecular identification, cloning and characterization of transmitted/founder HIV-1
subtype A, D and A/D infectious molecular clones. Virology 2013, 436, 33–48. [CrossRef] [PubMed]
57. Wilen, C.B.; Parrish, N.F.; Pfaff, J.M.; Decker, J.M.; Henning, E.A.; Haim, H.; Petersen, J.E.; Wojcechowskyj, J.A.;
Sodroski, J.; Haynes, B.F.; et al. Phenotypic and Immunologic Comparison of Clade B Transmitted/Founder
and Chronic HIV-1 Envelope Glycoproteins. J. Virol. 2011, 85, 8514–8527. [CrossRef] [PubMed]
58. Finzi, A.; Pacheco, B.; Xiang, S.-H.; Pancera, M.; Herschhorn, A.; Wang, L.; Zeng, X.; Desormeaux, A.;
Kwong, P.D.; Sodroski, J. Lineage-Specific Differences between Human and Simian Immunodeficiency Virus
Regulation of gp120 Trimer Association and CD4 Binding. J. Virol. 2012, 86, 8974–8986. [CrossRef]
59. Wyatt, R. The HIV-1 Envelope Glycoproteins: Fusogens, Antigens, and Immunogens. Science 1998, 280,
1884–1888. [CrossRef]
60. Chohan, B.; Lang, D.; Sagar, M.; Korber, B.; Lavreys, L.; Richardson, B.; Overbaugh, J. Selection for Human
Immunodeficiency Virus Type 1 Envelope Glycosylation Variants with Shorter V1-V2 Loop Sequences Occurs
during Transmission of Certain Genetic Subtypes and May Impact Viral RNA Levels. J. Virol. 2005, 79,
6528–6531. [CrossRef]
61. Helseth, E.; Olshevsky, U.; Furman, C.; Sodroski, J. Human-Immunodeficiency-Virus Type-1 Gp120 Envelope
Glycoprotein Regions Important For Association With The Gp41 Transmembrane Glycoprotein. J. Virol.
1991, 65, 2119–2123.
62. Yuan, T.; Li, J.; Zhang, M.-Y. HIV-1 Envelope Glycoprotein Variable Loops Are Indispensable for Envelope
Structural Integrity and Virus Entry. PLoS ONE 2013, 8, e69789. [CrossRef]
63. Pejchal, R.; Doores, K.J.; Walker, L.M.; Khayat, R.; Huang, P.-S.; Wang, S.-K.; Stanfield, R.L.; Julien, J.-P.;
Ramos, A.; Crispin, M.; et al. A potent and broad neutralizing antibody recognizes and penetrates the HIV
glycan shield. Science 2011, 334, 1097–1103. [CrossRef]
64. Zhou, T.; Georgiev, I.; Wu, X.; Yang, Z.Y.; Dai, K.; Finzi, A.; Kwon, Y.D.; Scheid, J.F.; Shi, W.; Xu, L.; et al.
Structural Basis for Broad and Potent Neutralization of HIV-1 by Antibody VRC01. Sci. 2010, 329, 811–817.
[CrossRef]
65. Zolla-Pazner, S.; Cardozo, T. Structure-function relationships of HIV-1 envelope sequence-variable regions
refocus vaccine design. Nat. Rev. Immunol. 2010, 10, 527–535. [CrossRef] [PubMed]
66. Cohen, M.S.; Gay, C.L.; Busch, M.P.; Hecht, F.M. The Detection of Acute HIV Infection. J. Infect. Dis. 2010,
202, S270–S277. [CrossRef] [PubMed]
67. Fiebig, E.W.; Wright, D.J.; Rawal, B.D.; E Garrett, P.; Schumacher, R.T.; Peddada, L.; Heldebrant, C.; Smith, R.;
Conrad, A.; Kleinman, S.H.; et al. Dynamics of HIV viremia and antibody seroconversion in plasma donors:
Implications for diagnosis and staging of primary HIV infection. AIDS 2003, 17, 1871–1879. [CrossRef]
[PubMed]
68. Venable, R.M.; Pastor, R.W.; Brooks, B.R.; Carson, F.W. Theoretically Determined Three-Dimensional
Structures for Amphipathic Segments of the HIV-1 gp41 Envelope Protein. AIDS Res. Hum. Retrovir. 1989, 5,
7–22. [CrossRef]
69. Eisenberg, D.; Wesson, M. The most highly amphiphilic alpha-helices include two amino acid segments in
human immunodeficiency virus glycoprotein 41. Biopolymers 1990, 29, 171–177. [CrossRef]
Viruses 2019, 11, 1012 22 of 22
70. Fernandez, M.V.; Freed, E.O. Meeting Review: 2018 International Workshop on Structure and Function of
the Lentiviral gp41 Cytoplasmic Tail. Viruses 2018, 10, 613. [CrossRef]
71. Kao, S.M.; Miller, E.D.; Su, L. A leucine zipper motif in the cytoplasmic domain of gp41 is required for HIV-1
replication and pathogenesis in vivo. Virology 2001, 289, 208–217. [CrossRef]
72. Kalia, V.; Sarkar, S.; Gupta, P.; Montelaro, R.C. Antibody Neutralization Escape Mediated by Point Mutations
in the Intracytoplasmic Tail of Human Immunodeficiency Virus Type 1 gp41. J. Virol. 2005, 79, 2097–2107.
[CrossRef]
73. Newman, J.T.; Sturgeon, T.J.; Gupta, P.; Montelaro, R.C. Differential functional phenotypes of two primary
HIV-1 strains resulting from homologous point mutations in the LLP domains of the envelope gp41
intracytoplasmic domain. Virology 2007, 367, 102–116. [CrossRef]
74. Lee, S.F.; Ko, C.Y.; Wang, C.T.; Chen, S.S.L. Effect of Point Mutations in the N Terminus of the Lentivirus
Lytic Peptide-1 Sequence of Human Immunodeficiency Virus Type 1 Transmembrane Protein gp41 on Env
Stability. J. Biol. Chem. 2002, 277, 15363–15375. [CrossRef]
75. Asmal, M.; Hellmann, I.; Liu, W.; Keele, B.F.; Perelson, A.S.; Bhattacharya, T.; Gnanakaran, S.; Daniels, M.;
Haynes, B.F.; Korber, B.T.; et al. A Signature in HIV-1 Envelope Leader Peptide Associated with Transition
from Acute to Chronic Infection Impacts Envelope Processing and Infectivity. PLoS ONE 2011, 6, e23673.
[CrossRef] [PubMed]
76. Gonzalez, M.W.; DeVico, A.L.; Lewis, G.K.; Spouge, J.L. Conserved Molecular Signatures in gp120
Are Associated with the Genetic Bottleneck during Simian Immunodeficiency Virus (SIV), SIV-Human
Immunodeficiency Virus (SHIV), and HIV Type 1 (HIV-1) Transmission. J. Virol. 2015, 89, 3619–3629.
[CrossRef] [PubMed]
77. Pfeiffer, T.; Pisch, T.; Devitt, G.; Holtkotte, D.; Bösch, V. Effects of signal peptide exchange on HIV-1
glycoprotein expression and viral infectivity in mammalian cells. FEBS Lett. 2006, 580, 3775–3778. [CrossRef]
[PubMed]
78. Yolitz, J.; Schwing, C.; Chang, J.; Van Ryk, D.; Nawaz, F.; Wei, D.; Cicala, C.; Arthos, J.; Fauci, A.S. Signal
peptide of HIV envelope protein impacts glycosylation and antigenicity of gp120. Proc. Natl. Acad. Sci. USA
2018, 115, 2443–2448. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
